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Abstract
We present what we believe are the rst specic string (D-brane) constructions
whose low-energy limit yields just a three generation SU(3)  SU(2)  U(1)
standard model with no extra fermions nor U(1)’s (without any further eec-
tive eld theory assumption). In these constructions the number of generations
is given by the number of colours. The Baryon, Lepton and Peccei-Quinn sym-
metries are necessarily gauged and their anomalies cancelled by a generalized
Green-Schwarz mechanism. The corresponding gauge bosons become mas-
sive but their presence guarantees automatically proton stability. There are
necessarily three right-handed neutrinos and neutrino masses can only be of
Dirac type. They are naturally small as a consequence of a PQ-like symmetry.
There is a Higgs sector which is somewhat similar to that of the MSSM and
the scalar potential parameters have a geometric interpretation in terms of
brane distances and intersection angles. Some other physical implications of
these constructions are discussed.
1 Introduction
If string theory is to describe the observed physics, it should be possible to nd string
congurations containing the observed standard model (SM). In the last fteen years
it has been possible to construct string vacua with massless sector close to the SM
with three quark/lepton generations [1]. However all string constructions up to now
lead to extra massless fermions and/or gauge bosons in the low energy spectrum. The
hidden reason for this fact is that all those constructions contain extra U(1) (or non-
Abelian) gauge symmetries beyond SU(3)  SU(2)  U(1)Y and the cancellation of
gauge anomalies requires in general the presence of extra chiral fermions beyond the
spectrum of the SM. The usual procedure in the literature is then to abandon the
string theory techniques and use instead the low-energy eective Lagrangian below
the string scale. Then one tries to nd some scalar eld direction in which all extra
gauge symmetries are broken and extra fermions become massive. This requires a
very complicated model dependent analysis of the structure of the scalar potential and
Yukawa couplings and, usually, the necessity of unjustied simplifying assumptions.
For example, there is a lot of arbitrariness in the choice of scalar flat directions and
the physics varies drastically from one choice to another. Fundamental properties like
proton stability typically result from the particular choice of scalar flat direction.
It is clear that it would be nice to have some string constructions with massless
spectrum identical to that of the SM and with gauge group just SU(3)SU(2)U(1)Y
already at the string theory level, without any eective eld theory elaboration. This
could constitute an important rst step to the string theory description of the observed
world. But it could also give us some model independent understanding of some of the
mysteries of the SM like generation-replication or the stability of the proton.
In the present article we report on the rst such string constructions yielding just the
SM massless spectrum from the start. We consider the SM gauge group as arising from
four sets of D-branes wrapping cycles on compactied (orientifolded) Type II string
theory. At the intersections of the branes live chiral fermions to be identied with
quarks and leptons. In order to obtain just the observed three generations of quarks
and leptons the D-brane cycles have to intersect the appropriate number of times as
shown in eq.(2.3). Models with quarks and leptons living at D-brane intersections were
already considered in refs.[2, 3, 4, 5]. In those papers three generation models were
obtained but involving either extra chiral fermions and U(1)’s beyond the SM [3, 4] or
else an extended gauge group beyond the SM [5]. As we said, the models we report
here have just the SM gauge group and there are no extra chiral fermions nor U(1)
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gauge bosons.
The particular examples we discuss consist on sets of D6-branes wrapping on an
orientifolded six-torus [6, 2] in the presence of a background NS B-eld [5, 7, 8]. We
classify the D6-brane cycles yielding the SM spectrum. We nd certain families of
models which depend on a few integer parameters. The analysis of the U(1) gauge
anomalies in the constructions, along the lines discussed in ref.[3], is crucial in ob-
taining the correct SM structure. In particular, we nd that the four original gauge
U(1) symmetries can be identied with Baryon number, Lepton number, Peccei-Quinn
symmetry and hypercharge (or linear combinations thereof). There are Wess-Zumino-
like B ^ F couplings involving RR elds and the Abelian gauge bosons. Due to these
couplings, three of the U(1)’s become massive (of order the string scale) and only a
U(1) remains in the massless spectrum. We discuss the conditions under which the
remaining U(1) symmetry is the standard hypercharge. This substantially constraints
the structure of the congurations yielding SU(3) SU(2) U(1)Y as the only gauge
group.
The D6-brane congurations we study are non-supersymmetric. However we show
explicitly, extending a previous analysis in ref.[3], that for wide ranges of the parameters
(compactication radii) there are no tachyonic scalars at any of the intersections. Thus
at this level the congurations are stable. We also show that for certain values of the
geometrical data (some brane distances and intersection angles) the required Higgs
scalar multiplets may appear in the light spectrum. The obtained Higgs sector is
quite analogous to the one appearing in the minimal supersymmetric standard model
(MSSM). But in our case the parameters of the scalar potential have a geometrical
interpretation in terms of the brane distances and angles. Since the models are non-
supersymmetric, the string scale should then be of order 1-few TeV.
We nd that all the SM congurations obtained have a number of common features
which seem to be quite model independent and could be a general property of any
string model yielding just the SM spectrum:
 A rst property is the connection between the number of generations and the
number of colours. Indeed, in order to cancel anomalies while having complete
quark/lepton generations, the number of generations in the provided construc-
tions must be equal to the number of colours, three. This is quite an elegant
explanation for the multiplicity of generations: there is no way in which we could
construct e.g., a D-brane model with just one generation.
 Baryon number is an exact symmetry in perturbation theory. Indeed, we men-
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tioned that Baryon number is a gauged U(1) symmetry of the models. Although
naively anomalous, the anomalies are cancelled by a generalized Green-Schwarz
[9] mechanism which at the same time gives a mass to the corresponding gauge
boson. The corresponding U(1) symmetry remains as an eective global sym-
metry in the eective Lagrangian. This is a remarkable simple explanation for
the observed stability of the proton. Indeed, the standard explanation for the
surprisingly high level of stability of the proton is to suppose that the scale of
baryon number violation is extremely large, larger than 1016 GeV. This requires
to postpone the scale of a more fundamental theory to a scale at least as large as
1016 GeV. In our present context the scale of fundamental physics may be as low
as 1 TeV without any problem with proton stability. Thus, in particular, this
provides a natural explanation for proton stability in brane-world models with a
low (of order 1-few TeV) string scale [11, 12].
 Lepton number is an exact symmetry in perturbation theory. Again, Lepton
number is a gauged symmetry and remains as a global symmetry in the eective
action. This has the important consequence that Majorana neutrino masses are
forbidden. On the other hand another generic feature of our class of models is the
necessary presence of three generations of right-handed neutrinos (singlets under
hypercharge). In general Dirac neutrino masses may be present and neutrinos
may oscillate in the standard way since it is only the diagonal lepton number
L = Le + Lµ + Lτ which is an exact symmetry.
 There is a generation-dependent Peccei-Quinn symmetry [13] which is also gauged
and thus in principle remains as a global U(1) symmetry in the eective La-
grangian.
In addition to these general properties, our class of models have other interesting
features. We already mentioned that Higgs elds appear under certain conditions and
that the Higgs sector comes in sets analogous to that of the Minimal Supersymmetric
Standard Model (MSSM). There is no gauge coupling unication, the size of each gauge
coupling constant is inversely proportional to the volume wrapped by the corresponding
brane. Thus it seems one can reproduce the observed size of the gauge couplings
by appropriately varying the compact volume. Yukawa couplings may be computed
in terms of the area of the world-sheet stretching among the dierent branes. The
dependence on this area is exponential, which may give an understanding [4] of the
hierarchy of fermion masses. In the case of neutrino masses, one nds that they may
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be naturally small as a consequence of the PQ-like symmetry.
The structure of the present paper is as follows. In chapter 2 we describe the general
philosophy in order to obtain the minimal spectrum of the SM at the intersections of
wrapping D-branes. We also discuss the connection between the number of colours
and generations in these constructions as well as the general structure of U(1) anomaly
cancellation. In chapter 3 we review the case of intersecting D6-branes wrapping on a
six-torus and describe the spectrum as well as the general Green-Schwarz mechanism
in these theories. The search for specic D6-brane congurations yielding just the SM
spectrum is carried out in chapter 4. We present a classication of such type of models
and study tadpole cancellation conditions. We also nd the general conditions under
which the U(1) remaining light is the standard hypercharge.
In chapter 5 we study the stability of the brane congurations. Specically we show
the absence of tachyons for wide ranges of the compact radii. The spectrum of massive
particles from KK and winding states is discussed in chapter 6. The appearance of
Higgs elds in the light spectrum is discussed in chapter 7. We discuss the multiplicity
of those scalars as well as the general structure of the mass terms appearing in the
scalar potential. A brief discussion of the gauge coupling constants and the Yukawa
couplings is oered in chapter 8. We leave chapter 9 for some nal comments and
conclusions.
2 The standard model intersection numbers
In our search for a string-theory description of the standard model (SM) we are going
to consider congurations of D-branes wrapping on cycles on the six extra dimensions,
which we will assume to be compact. Our aim is to nd congurations with just the
SM group SU(3)SU(2)U(1)Y as a gauge symmetry and with three generations of
fermions transforming like the ve representations:
QiL = (3, 2, 1/6) ; U
i
R = (3, 1,−2/3) ; DiR = (3, 1, 1/3) ;
Li = (1, 2,−1/2) ; EiR = (1, 1, 1) . (2.1)
Now, in general, D-branes will give rise to U(N) gauge factors in their world-volume,
rather than SU(N). Thus, if we have r dierent stacks with Ni parallel branes we
will expect gauge groups in general of the form U(N1)  U(N2)  ....  U(Nr). At
points where the D-brane cycles intersect one will have in general massless fermion
elds transforming like bifundamental representations, i.e., like (Ni, Nj) or (Ni, Nj).
Thus the idea will be to identify these elds with the SM fermion elds.
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A rst obvious idea is to consider three types of branes giving rise in their world-
volume to a gauge group U(3)  U(2)  U(1). This in general turns out not to be
sucient. Indeed, as we said, chiral fermions like those in the SM appear from open
strings stretched between D-branes with intersecting cycles. Thus e.g., the left-handed
quarks QiL can only appear from open strings stretched between the U(3) branes and
the U(2) branes. In order to get the right-handed leptons EiR we would need a fourth
set with one brane giving rise to an additional U(1)0: the right-handed leptons would
come from open strings stretched between the two U(1) branes. Thus we will be forced
to have a minimum of four stacks of branes with N1 = 3, N2 = 2, N3 = 1 and N4 = 1
yielding a U(3) U(2) U(1) U(1) gauge group 1.




nab(Na, N b) + mab(Na, Nb) + n

ab(Na, Nb) + m

ab(Na, N b) . (2.2)




ab are integer non-negative coecients which are model
dependent 2. In all D-brane models strong constraints appear from cancellation of
Ramond-Ramond (RR) tadpoles. Cancellation of tadpoles also guarantees the cancel-
lation of gauge anomalies. In the case of the D-brane models here discussed anomaly
cancellation just requires that there should be as many Na as Na representations for
any U(Na) group.
An important fact for our discussion later is that tadpole cancellation conditions
impose this constraint even if the gauge group is U(1) or U(2). The constraint in this
case turns out to be required for the cancellation of U(1) anomalies. Let us now apply
this to a possible D-brane model yielding U(3)U(2)U(1)U(1) gauge group. Since
U(2) anomalies have to cancel we will make a distinction between U(2) doublets and
antidoublets. Now, in the SM only left-handed quarks and leptons are SU(2) doublets.
Let us assume to begin with that the three left-handed quarks QiL were antidoublets
(3, 2). Then there are altogether 9 anti-doublets and U(2) anomalies would never cancel
with just three generations of left-handed leptons. Thus all models in which all left-
handed quarks are U(2) doublets (or antidoublets) will necessarily require the presence
1Although apparently such a structure would yield four gauged U(1)’s, we show below that we
expect three of these U(1)’s to become massive and decouple from the low-energy spectrum
2In some orientifold cases there may appear fermions transforming like antisymmetric or symmetric
representations. For the case of the SM group those states would give rise to exotic chiral fermions
which have not been observed. Thus we will not consider these more general possibilities any further.
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in the spectrum of 9 U(2) lepton doublets (anti-doublets) 3. There is however a simple
way to cancel U(2) anomalies sticking to the fermion content of the SM. They cancel if
two of the left-handed quarks are antidoublets and the third one is a doublet 4. Then
there is a total of six doublets and antidoublets and U(2) anomalies will cancel.
Notice that in this case it is crucial that the number of generations equals the number
of colours. There is no way to build a D-brane conguration with the gauge group of
the SM and e.g., just one complete quark/lepton generation. Anomalies (RR tadpoles)
cannot possibly cancel5. We nd this connection between the number of generations
and colours quite attractive.
From the above discussion we see that, if we want to stick to the particle content of
the minimal SM , we will need to consider string congurations in which both types of
bifundamental fermion representations, (Na, Nb) and (Na, Nb) appear in the massless
spectrum. This possibility is familiar from Type II orientifold [17, 18] models in which
the world-sheet of the string is modded by some operation of the form ΩR, where Ω
is the world-sheet parity operation and R is some geometrical action. Bifundamental
representations of type (Na, Nb) appear from open strings stretched between branes a
and b whereas those of type (Na, Nb) appear from those going between branes a and b
,
the latter being the mirror of the b brane under the ΩR operation. We will thus from
now on assume that we are considering string and brane congurations in which both
types of bifundamentals appear. Specic examples will be considered in the following
sections.
It is now clear what are we looking for. We are searching for brane congurations
with four stacks of branes yielding an initial U(3) U(2) U(1) U(1) gauge group.
They wrap cycles i, i = a, b, c, d and intersect with each other a number of times given
by the intersection numbers Iij = i.j. In order to reproduce the desired fermion
spectrum (depicted in table 1) the intersection numbers should be 6:
Iab = 1 ; Iab = 2
3Indeed this can be checked for example in the semi-realistic models of ref.[14, 15, 3, 4, 16].
4In ref.[5] a U(3) U(2)L  U(2)R  U(1) model of these characteristics was built.
5It is however in principle possible to get 2-generation models simply by assuming that one genera-
tion has only U(2) doublets and the other antidoublets. On the other hand we have made an analysis
like that in chapter 4 for the case of two generations and have found that in D6-brane toroidal models
it is not possible to have just the SM group, there is always an additional U(1) beyond hypercharge
which is present in the massless spectrum. This is also related to the fact that in the 2-generation
case there is only one anomalous U(1) which is B + L. Thus, at least within that class of models, the
minimal conguration with just the SM group requires at least three generations.
6An alternative with Iab = 2, Iab∗ = 1, Ibd = 3, Ibd∗ = 0 gives equivalent spectrum.
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Iac = −3 ; Iac = −3
Ibd = 0 ; Ibd = −3
Icd = −3 ; Icd = 3 (2.3)
all other intersections vanishing. Here a negative number denotes that the correspond-
ing fermions should have opposite chirality to those with positive intersection number.
As we discussed, cancellation of U(Ni) anomalies requires:
∑
j
Iij Nj = 0 (2.4)
which is indeed obeyed by the spectrum of table 1, although to achieve this cancellation
we have to add three fermion singlets NR. As shown below these have quantum numbers
of right-handed neutrinos (singlets under hypercharge). Thus this is a rst prediction
of the present approach: right-handed neutrinos must exist.
Intersection Matter elds Qa Qb Qc Qd Y
(ab) QL (3, 2) 1 -1 0 0 1/6
(ab*) qL 2(3, 2) 1 1 0 0 1/6
(ac) UR 3(3, 1) -1 0 1 0 -2/3
(ac*) DR 3(3, 1) -1 0 -1 0 1/3
(bd*) L 3(1, 2) 0 -1 0 -1 -1/2
(cd) ER 3(1, 1) 0 0 -1 1 1
(cd*) NR 3(1, 1) 0 0 1 1 0
Table 1: Standard model spectrum and U(1) charges
The structure of the U(1) gauge elds is very important in what follows. The
following important points are in order:
1) The four U(1) symmetries Qa, Qb, Qc and Qd have clear interpretations in terms
of known global symmetries of the standard model. Indeed Qa is 3B, B being the
baryon number and Qd is nothing but (minus)lepton number. Concerning Qc, it is
twice IR, the third component of right-handed weak isospin familiar from left-right
symmetric models. Finally Qb has the properties of a Peccei-Quinn symmetry (it has
mixed SU(3) anomalies). We thus learn that all these known global symmetries of the
SM are in fact gauge symmetries in this class of theories.
2) The mixed anomalies Aij of these four U(1)i’s with the non-Abelian groups
7




(Iij − Iij) Ni . (2.5)
It is easy to check that (Qa + 3Qd) (which is 3(B − L)) and Qc are free of triangle










and is, of course, anomaly free. On the other hand the other orthogonal combinations
(3Qa−Qd) and Qb have triangle anomalies. Of course, if the theory is consistent these
anomalies should somehow cancel. What happens is already familiar from heterotic
compactications [19] and Type I and Type II theories in six [20] and four [21] dimen-
sions. There will be closed string modes coupling to the gauge elds giving rise to a
generalized Green-Schwarz mechanism. This will work in general as follows. Typically
there are RR two-form elds Bα with couplings to the U(1)i eld strengths:
∑
α
ciα Bα ^ tr(F i) (2.7)




j ^ F j) (2.8)
where F j are the eld strengths of any of the gauge groups. The combination of both






α = 0 . (2.9)
Notice two important points:
a) Given i, j, for anomalies to cancel both ciα and d
j
α have to be non-vanishing for
some α.
b) The couplings in (2.7) give masses to some combinations of U(1)’s. This always
happens for anomalous U(1)’s since in this case both ciα and d
j
α are necessarily non-
vanishing. However it may also happen for some anomaly-free U(1)’s for which the
corresponding combination of ηα elds does not couple to any F ^ F piece.
In our case the (3Qa−Qd) and Qb gauge bosons will become massive. On the other
hand the other two anomaly free combinations (including hypercharge) may be massive
or not, depending on the couplings ciα. Thus in order to really obtain a standard model
gauge group with the right standard hypercharge we will have to insure that it does
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cdα ) = 0 (2.10)
This turns out to be an important constraint in the specic models constructed in the
following sections. But an important conclusion is that in those models generically only
three of the four U(1)’s can become massive and that in a large subclass of models it is
the SM hypercharge which remains massless. Thus even though we started with four
U(1)’s we are left at the end of the day with just the SM gauge group.
Let us also remark that the symmetries whose gauge boson become massive will
persist in the low-energy spectrum as global symmetries . This has important obvious
consequences, as we will discuss below.
Up to now we have been relatively general and perhaps a structure like this may
be obtained in a variety of string constructions. We believe that the above discussion
identies in a clear way what we should be looking for in order to get a string con-
struction with a massless sector identical to the SM. In the following sections we will
be more concrete and show how this philosophy may be followed in a simple setting.
Specically, we will be considering Type IIA D6-branes wrapping at angles [2] on a six
torus T 6. We will see how even in such a simple setting one can obtain the desired
structure.
3 D6-branes intersecting at angles
Let us consider D6-branes wrapping homology 3-cycles on a six dimensional manifold
M. Some general features of this construction do not depend on the specic choice of
metric on this space but only on the homology of these three cycles and its intersection
form. More concrete problems, as the supersymmetry preserved by the conguration
or the presence of tachyons on it, will depend on the metric. We will discuss rst some
of these abstract properties to proceed later to review the toroidal case in detail.
Two D6-branes on three-cycles will intersect generically at a nite number of points
and those intersections will be four-dimensional. The intersection number depends on
the homology class of the cycles. Deforming the D-branes within the same homology
class the intersection number does not change. Let us take a basis for the H3(M, ZZ),
i, where i = 1, . . . , b3 and b3 is the correspondent Betti number. Let us call Cij the
intersection number of the cycles i and j . Some properties will depend only on the
homology of the cycles, a, where the D-branes are living:
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 there is a massless U(1) eld on each brane that can be enhanced to a U(N) if
N of these D-brane coincide. Some of the U(1) factors will be massive due to the
WZ couplings.
 There is a chiral fermion [22, 23] at each four-dimensional intersection between
the cycles a, b transforming in the bifundamental of U(Na)  U(Nb), where
the specic chirality depends on the sign of the intersection, and the number
represents the multiplicity.
 There are some conditions related to the propagation of RR massless closed string
elds on the compact space. These are the RR tadpoles. These tadpoles can be
expressed in a very simple way: the sum of the cycles where the branes are living
must vanish [24, 3]:
K∑
a
Naa = 0 (3.1)
In the presence of additional sources for RR charge (e.g., orientifold planes) one
should add the corresponding contribution (see the toroidal example below). RR
tadpoles imply the cancellation of all abelian gauge anomalies. Tadpoles of the
particles in the NSNS sector are in general not cancelled (unless the conguration
preserves some supersymmetry).
 Some of the above U(1) gauge elds will be anomalous and the anomalies are
expected to cancel in the way described in the previous section. The triangle
anomaly can be computed directly from the chiral spectrum, and after imposing






where (a.b) is the intersection number of the a and b cycles.
As we have mentioned above other properties as the presence or absence of tachyons,
the supersymmetries preserved [25, 26, 27] by the system of D-branes, the massive spec-
trum, etc. will depend on the specic choice of metric, B-eld and other background
values.
3.1 D6-branes on a torus
Let us consider a particular example of the above ideas : D6-branes wrapping a three
cycle on a six dimensional torus. A more specic choice consists on a factorization of
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the six dimensional torus into T 2  T 2  T 2. We can wrap a D6-brane on a 1-cycle of
each T 2 so it expands a three dimensional cycle on the whole T 6 7. Let us denote by
(nia, m
i
a) the wrapping numbers of the D6a-brane on the i-th T
2. We refer the reader
to refs.[2, 5] where these kind of congurations have been studied in detail.
The metric on each T 2 is constant and can be parametrized by a couple of elds:
the complex structure U and the complexied Kahler form J . The complexication
of the Kahler form is done by taking in addition with the area the B-eld value. The
above models have a T-dual description in terms of D9-branes with magnetic fluxes.
The T-duality transformation can be carried out in each T 2 separately. A D-brane
wrapped on a (n, m) is mapped to a U(n) eld with a constant eld strength F whose
rst Chern class is m. The D6-brane boundary conditions
sin ϑIa∂σX
I
1 − cos ϑIa∂σXI2 = 0
sin ϑIa∂τX
I
2 − cos ϑIa∂τXI1 = 0 (3.3)
are translated into [2]
∂σX
I
1 − F Ia ∂τXI2 = 0
∂σX
I
2 − F Ia ∂τXI1 = 0 (3.4)
in the T-dual picture 8. The flux F is related to the angle between the brane and the
direction where T-duality is performed F Ia = cotϑ
I
a. T-duality on the three two tori
takes the D6-brane system to a system with D9-branes with fluxes and the complex
structure and complexied Kahler form interchanged. On this paper we will use the D6-
branes at angles picture because it is easier to visualize the specic brane constructions.
3.1.1 Orientifolds
Let us start from Type I string theory with branes with fluxes on a six dimensional
torus [6, 2]. Perform a T-duality on the x4, x6, x8 directions. The world sheet parity
Ω is mapped into ΩR where R is a reflection on the T-dualized coordinated x4, x6 and
x8. The D9-branes with fluxes are translated into D6-branes at angles. Consistency
with the ΩR symmetry requires the D6-branes to be in pairs: if (n, m) are the wrap-
ping numbers of a brane along a two dimensional torus, there must be a ΩR partner
7Notice that this is not the most general cycle because this type of conguration only expands the
(H1(T 2, ZZ))3 sublattice of the whole H3(T 6, ZZ). The construction we are considering has dimension
8 while the H3(T 6, ZZ) lattice has dimension b3 = 20. One type of three cycle we are not taking into
account is, for instance, the one that wraps the rst T 2 and one cycle on one of the other tori.
8See [2, 5, 8, 28, 6].
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Figure 1: The ΩR world sheet parity takes one set of branes specied by (ni,mi) to another
set (ni,−mi). The dashed line represent the direction where the O6-plane lives.
wrapping the cycle (n,−m) (See gure 1). Let us denote by ΩRDa6-brane the ΩR
image of the brane Da6-brane.
The spectrum can be easily obtained by taking ΩR invariant combinations. There
are several sectors to be taken into account [2]:
 Da−Da: the ΩR takes this sector to the ΩRDa−ΩRDa sector. In general these
sectors will be dierent and one should only take one of these into account. This
sector contains, as in the toroidal case, d=4 N = 4 super Yang-Mills. When one
brane is its own orientifold image SO(N) and USp(N) groups can appear (See,
for instance, [2].). As we are interested in unitary groups we will not consider
these cases.
 Da − Db: the ΩR takes this sector to the ΩRDb − ΩRDa sector. One obtains
chiral fermions in the bifundamental (Na, Nb) of the group with multiplicity given





b −m1an1b)(n2am2b −m2an2b)(n3am3b −m3an3b) (3.5)
 Da − ΩRDb: this sector is taken to the Db − ΩRDa sector. There are chiral
fermions in the (Na, Nb) representation with multiplicity
Iab∗ = −(n1am1b + m1an1b)(n2am2b + m2an2b)(n3am3b + m3an3b) . (3.6)
In eqs.(3.5) and (3.6) a negative sign implies opposite chirality.
 Da − ΩRDa: this sector is taken to the Da − ΩRDa sector. This is an invariant
sector so the ΩR projection should be imposed on it: some of the intersec-

















a − 1) symmetric and antisymmetric representations [2] 9.
RR tadpole conditions can be easily obtained from the toroidal case taking into
account that some of the conditions are immediately satised because the pairs of
branes cancel the contribution to some cycle conditions (the cycles with an odd number
of mi’s). The orientifold plane introduces a net RR charge in the (1, 0), (1, 0), (1, 0)




































a = 0 (3.7)
One can also consider the possibility of adding a NS B-flux [7], bi, to each two di-
mensional torus in the D9-brane picture [5]. The total flux in the brane becomes a
combination of the magnetic and B-eld flux, F = b + F . In the T-dual picture the
torus changes its complex structure in such a way that it takes into account the mod-
ied angle of the brane F = cot ϑ. Notice that the B-eld is not invariant under Ω. It
is not a dynamical eld but some discrete values are allowed: b = 0, 1/2. In the T-dual
picture the B-eld is translated into a xed complex structure [5]. In an eective man-
ner the addition of this B-background allows for semi-integer mi values. If originally
the wrapping numbers on a torus are (n, m0), the eective wrapping numbers upon the
addition of a b = 1/2 background are (n, m0 + n/2) [5]. In what follows we will denote
by m = m0 + n/2 in those tori with a B-background.
3.2 U(1) Anomaly cancellation
Anomaly cancellation of U(1)’s for toroidal models were already considered in ref.[3].





a = 0 we still have a U(Na) gauge group with chiral fermions living




a fermions in the antisymmetric and the same number of
fermions in the symmetric, but with opposite chirality. This will give us the same contribution to
chiral SU(Na) anomalies as the general formula. This system is analogous to some constructions of
non-BPS D-branes of Type I theory (see [29]).
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toroidal case. Let us consider the T-dual version consisting of Type I string theory
(D9-branes) with magnetic fluxes. We have in ten dimensions RR elds C2 and C6
















C6 ; I = 1, 2, 3 (3.9)
with I 6= J 6= K 6= I and their four-dimensional duals:
C0 =
∫






with dC0 = −  dB02 and dCI = −  dBI2 . These RR elds have four-dimensional










B02 ^ Fa ; n1b n2b n3b
∫
M4










BI2 ^ Fa ; nIb mJb mKb
∫
M4
CI ^ Fb ^ Fb .
The Green-Schwarz amplitude where U(1)a couples to one of the B2 RR elds which
propagates and couples to two SU(Nb) gauge bosons will be proportional to:













b , I 6= J, K (3.11)
which precisely has the form to cancel the triangle anomalies. Notice that due to the
linear couplings between the U(1)’s and the RR two-forms some of the U(1)’s (including
all those which are anomalous) will become massive. Since there are only four two-
forms available, in any model with any arbitrary number of branes only a maximum of
four U(1)’s may become massive. Notice also that in any realistic model we will have
to ensure that the physical hypercharge generator is not one of them.
4 Searching for the standard model
Let us try to construct a specic model with low-energy spectrum given by that in
table 1, corresponding to the intersection numbers in eq.(2.3). We nd that getting
14
the spectrum of the SM is quite a strong constraint. We nd families of models cor-
responding to choices of wrapping numbers nli, m
l
i, i = a, b, c, d, l = 1, 2, 3 as well as
adding a NS B-background or not on the three underlying tori. To motivate the form
of these solutions let us enumerate some of the constraints we have to impose:
1) We will require that for any brane i one has 3l=1 m
l
i = 0 because of two
reasons. First, to avoid the appearance of matter at the intersections of one brane to
its mirror. This matter (transforming like symmetric or antisymmetric representations
of the gauge group) has exotic quantum numbers beyond the particle content of the
SM which we are trying to reproduce. In addition, there are tachyonic scalars at those
intersections which would destabilize the brane conguration.
2) If 3l=1 m
l
i = 0 is veried, then in these toroidal models there are only at most
three RR elds Bl, l = 1, 2, 3 with couplings to the Abelian groups. Thus at most three
U(1)’s may become massive by the mechanism described in chapter 2. This implies
that we should consider only models with four sets of branes at most, since otherwise
there would be additional massless U(1) gauge bosons beyond hypercharge.
3) We further impose that we should reproduce the spectrum in table 1. This is
the most constraining condition. It implies that the branes a should be parallel to
the d brane in at least one of the three complex planes and that the b branes are
parallel to the c brane. Getting Iab = 1 and Iab∗ = 2 requires that at least one of
the three tori (e.g.,the third) should be tilted (or should have a b-background, in the
T-dual language). Getting the other intersection numbers correct gives us also further
constraints.
Imposing these conditions we nd the general class of solutions for the wrapping
numbers shown in table (2).
In the table we have βi = 1 − bi, with bi = 0, 1/2 being the NS B-background
eld discussed in section 3. In the third torus one always has b3 = 1/2. Also  = 1
and ρ takes only the values ρ = 1, 1/3. Notice that each of these families of D6-brane







10. All of the choices lead
exactly to the same massless fermion spectrum of table 1.
One has now to ensure that these choices are consistent with the tadpole cancellation
conditions described in the previous section. It turns out that all but the rst of those
conditions are automatically satised by the above families of congurations. The rst
10Care should be taken when choosing these integers to have well-dened wrapping numbers in our
tilted tori. If, for instance, β1 = 1/2, then n1b , n
1
c should be odd integers, same with β2 = 1/2 and
n2a, n
2
d. By the same token, if we only want to consider this minimal gauge group we should consider
coprime wrapping numbers, so if ρ = 1 then n1c cannot be a multiple of 3, etc.
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Na = 3 (1/β1, 0) (n2a, β
2) (1/ρ, 1/2)
Nb = 2 (n1b ,−β1) (1/β2, 0) (1, 3ρ/2)
Nc = 1 (n1c , 3ρβ1) (1/β2, 0) (0, 1)
Nd = 1 (1/β1, 0) (n2d,−β2/ρ) (1, 3ρ/2)
Table 2: D6-brane wrapping numbers giving rise to a SM spectrum. The general
solutions are parametrized by a phase  = 1, the NS background on the rst two tori
βi = 1 − bi = 1, 1/2, four integers n2a, n1b , n1c , n2d and a parameter ρ = 1, 1/3. In order
to obtain the correct hypercharge massless U(1) those parameters have to verify the
extra constraint eq.(4.6).









= 16 . (4.1)
Note however that one can always relax this constraint by adding extra D6-branes
with no intersection with the SM ones and not contributing to the rest of the tadpole
conditions. For example, a simple possibility would be the addition Nh D6 branes with
mlh = 0, i.e., parallel to the orientifold plane. In this case the above condition would















h = 16 . (4.2)
Thus the families of standard model congurations we have found are very weakly
constrained by tadpole cancellation conditions. This is not so surprising. Tadpole
cancellation conditions are closely connected to cancellation of anomalies. Since the
SM is anomaly-free, it is not surprising that the solutions we nd almost automatically
are tadpole-free.
Let us now analyze the general structure of U(1) anomaly cancellation in this class
of models. As we remarked in section 2, there are two anomalous U(1)’s given by the
generators (3Qa − Qd) and Qb and two anomaly free ones which are (Qa + 3Qd) and
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Qc. Following the general discussion in previous section one can see that the three RR





















whereas the B02 RR eld has no couplings to the Fj , because lm
l
j = 0 for all the




















F d ^ F d) (4.4)
and the RR scalar C3 does not couple to any F ^ F term. It is easy to check that
these terms cancel all residual U(1) anomalies in the way described in section 2. Notice
in particular how only the exchange of the B12 , B
2
2 elds (and their duals C
1, C2) can
contribute to the cancellation of anomalies since the C3 eld does not couple to F ^F
and B02 does not couple to any F
j. The exchange of those RR elds proceeds in
a universal manner (i.e., independent of the particular choice of n’s) and hence the
mechanism for the U(1) anomalies to cancel is also universal. On the other hand
the B32 eld does couple to a linear combination of the four U(1)’s and hence will
render that combination massive. The U(1) which remains light is given by the linear
combination 11






If we want to have just the standard hypercharge at low energies this should be pro-







which is an extra condition the four integers should fulll in order to really obtain
a SM at low energies. Thus we have found families of toroidal models with D6-
branes wrapping at angles in which the residual gauge group is just the standard
11In the particular case with n1c = 0 one can have both anomaly-free U(1)’s remaining in the massless




model SU(3)  SU(2)  U(1)Y and with three standard generations of quarks and
leptons and no extra chiral fermions (except for three right-handed neutrinos which
are singlets under hypercharge).
These models are specic examples of the general approach in section 2. Notice
in particular that in these models Baryon number (Qa), and lepton number (Qd) are
unbroken gauged U(1) symmetries. The same is the case of the symmetry Qb which is
a (generation dependent) Peccei-Quinn symmetry. Once the RR-elds give masses to
three of the U(1)’s of the models, the corresponding U(1)’s remain as eective global
symmetries in the theory. This has the important physical consequences:
1) Baryon number is an exact perturbative symmetry of the eective Lagrangian.
Thus the nucleon should be stable. This is a very interesting property which is quite
a general consequence of the structure of the theory in terms of D-branes intersecting
at angles and which was already advanced in ref.[4]. Notice that this property is
particularly welcome in brane scenarios with a low energy string scale [11, 12] in which
stability of the proton is an outstanding diculty. But it is also a problem in standard
scenarios like the MSSM in which one has to impose by hand discrete symmetries like
R-parity or generalizations in order to have a suciently stable proton.
2) Lepton number is an exact symmetry in perturbation theory. This has as a
consequence that Majorana masses for the neutrinos should be absent. Any neutrino
mass should be of standard Dirac type. They can however be naturally small as we
discuss below.
3) There is a gauged U(1) symmetry of the Peccei-Quinn type (Qb) which is exact
at this level. Thus, at this level the θQCD parameter can be rotated to zero.
These properties seem to be quite model independent, and also seem to be a generic
property of any D-brane model which gives rise to just a SM spectrum at the intersec-
tions.
As a nal comment note that the pseudoscalar C0 remains massless at this level
and has axionic couplings (eq.(4.4)) to the gauge elds of the SM (and also to the
elds coming from the extra branes added to cancel tadpoles, if present). It would be
interesting to study the possible relevance of this axion-like eld concerning the strong
CP problem.
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5 Absence of tachyons and stability of the configu-
rations
We have been concerned up to now with the massless chiral fermions at the D-brane
intersections. In addition to those there are scalar states at each intersection which in
some sense may be considered (in a sense specied below) "SUSY-partners", squarks
and sleptons, of the massless chiral fermions, since they have the same multiplicity
jIij j and carry the same gauge quantum numbers 12. The lightest of those states have
masses [3]
State Mass2
t1 = (−1 + ϑ1, ϑ2, ϑ3, 0) α0(Mass)2 = 12(−ϑ1 + ϑ2 + ϑ3)
t2 = (ϑ1,−1 + ϑ2, ϑ3, 0) α0(Mass)2 = 12(ϑ1 − ϑ2 + ϑ3)
t3 = (ϑ1, ϑ2,−1 + ϑ3, 0) α0(Mass)2 = 12(ϑ1 + ϑ2 − ϑ3)
t4 = (−1 + ϑ1,−1 + ϑ2,−1 + ϑ3, 0) α0(Mass)2 = 1− 12(ϑ1 + ϑ2 + ϑ3)
(5.1)
in the notation of ref.[3]. Here ϑi are the intersection angles (in units of pi) at each
of the three subtori. As is obvious from these formulae the masses depend on the
angles at each intersection and hence on the relative size of the radii. Thus in principle
some of the scalars may be tachyonic 13. In g.2 we show the range of ϑi for which
there are no tachyons at a given intersection. There is a region (inside the tetrahe-
dron) where all the scalars have positive (mass)2. Supersymmetry is not preserved but
the absence of tachyons indicates that the system cannot decay into another one that
lowers the energy. Outside this region some scalars become tachyonic. The boundary
between the two regions represents a supersymmetric conguration at that intersec-
tion. This boundary has a tetrahedral shape. The faces represent congurations that
preserve N = 1, the edges correspond to N = 2 congurations and the vertices to
N = 4 congurations at that particular intersection. At each of the faces a dier-
ent scalar becomes massless and hence becomes degenerate with the chiral fermion in
the intersection. One can check that if none of the other scalars is tachyonic there
is a fermion-boson degeneration that indicates that one supersymmetry is preserved
locally. It is in this sense that these scalars are SUSY-partners of the massless chiral
fermion. At the edges it is two scalars (and one fermion) which become massless and
one has (locally) N = 2 supersymmetry.
12Notice that these masses are the same for all intersections corresponding to the same pair of
branes. This flavour independence is interesting from the point of view of suppression of flavour-
changing neutral currents.







Figure 2: The region inside the tetrahedron has no tachyons. Faces, edges and vertices
represent respectively, N = 1, N = 2 and N = 4 systems at the given intersection.
For a D-brane conguration to be stable there should be no tachyons at none of
the intersections. As already noted in ref.[3], in general it is possible to vary the
compact radii in order to get rid of all tachyons of a given model. One can do a general
analysis of sucient conditions for absence of tachyons in the standard model examples



































































1,2 are the compactication radii for the three i = 1, 2, 3 tori
14. The geometrical
meaning of the angles is depicted in g.(3).
Angles at all the intersections may be written in terms of those six angles which
depend on the parameters of the particular model and the relative radii. We have
four (possibly light) scalars ti, i = 1, 2, 3, 4 at each of the 7 independent types of
intersections, thus altogether 28 dierent scalar masses. Since all these 28 masses can
be written in terms of the above 6 angles, it is obvious that the masses are not all
14As can be seen in g.(3), R(i)1 are not compactication radii in a strict sense if b
i 6= 0 but their
projection onto the X(i)1 direction.
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Figure 3: Denition of the angles between the dierent branes on the three tori. We have




d > 0,  = −1 and β1 = 1/2, β2 = 1.
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These give interesting relationships among the squark and slepton partners of usual
fermions. Due to these kind of constraints the 28 conditions for absence of tachyons
may be reduced to only 14 general conditions (see Appendix II).
In order to get an idea of how easy is to get a tachyon-free conguration in one of
the standard model examples of the previous section let us consider a particular case.
Consider a model with ρ = β1 = β2 = 1,  = −1 and with n2a = 2, n1b = n2d = 0 and
n1c = 1. The wrapping numbers of the four stacks of branes are thus:
Na = 3 (1, 0)(2,−1)(1, 1/2)
Nb = 2 (0, 1)(1, 0)(1, 3/2)
Nc = 1 (1,−3)(1, 0)(0, 1)
Nd = 1 (1, 0)(0, 1)(1, 3/2) (5.4)
This veries all the conditions to get just the SM gauge group with three quark/lepton
generations. The rst tadpole condition may be fullled by adding e.g. 5 parallel
branes with n1 = n2 = 1, n3 = 2 and mi = 0. Now, in this case one has θ1 = 1/2 > ~θ1,
θ2 = 1/2 and many of the equations shown in the Appendix II are trivially satised.
Then one can check that there are no tachyons at any of the intersections as long as:
θ2 + ~θ3 − θ3  1
2
~θ1  ~θ3 (5.5)
which may be easily satised for wide ranges of the radii. Similar simple expressions
are obtained in other examples. For instance, a model within the rst family in Table
4 with n2a = 0, n
1
b = −1, n1c = 1, n2d = 1 and ρ = 1/3, β1 = 1/2, β2 = 1 has no tachyons
as long as the two conditions ~θ1 + ~θ3 − θ3  1/2 and ~θ1 + ~θ2 − ~θ3  1/2 are veried.
Again, this happens for wide ranges of the radii.
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Figure 4: Each rectangle represents a two torus. There are two branes: one is represented
by a straight black line and the other by a dashed line. The curved lines represent strings
ending on the D-branes.
6 Spectrum of massive particles beyond the SM
The open string spectrum consists of open strings stretched between the dierent sets
of D-branes (see g.(4)). The spectrum can be split into two sets:
 D6a − D6b sector: strings ending on dierent sets of D6-branes. The massless
spectrum consists of jIabj chiral fermions where the chirality is determined by
the sign of the intersection number. In our case these are the standard quarks
and leptons which we have analyzed above. At those intersections live also the
massive scalars we have described in the previous section which in some sense
will be SUSY-partners, squarks and sleptons, of the ordinary particles.
There are also additional string excitations [22] which may be relatively light
depending on the angles (these are the gonions of [4]). The mass gap will be
proportional to the angles between the branes, ϑab, on each torus. These gonion
states include vector boson and fermion massive replicas. Here we just describe
the lightest ones. In particular there are fermionic states of the form:
State Mass2
(1/2 + ϑ1,−1/2 + ϑ2,−1/2 + ϑ3,−1/2) α0(Mass)2 = ϑ1
(−1/2 + ϑ1, 1/2 + ϑ2,−1/2 + ϑ3,−1/2) α0(Mass)2 = ϑ2
(−1/2 + ϑ1,−1/2 + ϑ2, 1/2 + ϑ3,−1/2) α0(Mass)2 = ϑ3
(−3/2 + ϑ1,−1/2 + ϑ2,−1/2 + ϑ3,−1/2) α0(Mass)2 = 1 − ϑ1
(−1/2 + ϑ1,−3/2 + ϑ2,−1/2 + ϑ3,−1/2) α0(Mass)2 = 1 − ϑ2
(−1/2 + ϑ1,−1/2 + ϑ2,−3/2 + ϑ3,−1/2) α0(Mass)2 = 1 − ϑ3
(6.1)
and their chiral partners. They would be sort of massive fermionic partners of
quarks and leptons but may be relatively light if some of the angles is suciently
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small. In addition there are vector elds
State Mass2
(ϑ1,−1 + ϑ2,−1 + ϑ3,1) α0(Mass)2 = ϑ1 + (1− r)
(−1 + ϑ1, ϑ2,−1 + ϑ3,1) α0(Mass)2 = ϑ2 + (1− r)
(−1 + ϑ1,−1 + ϑ2, ϑ3,1) α0(Mass)2 = ϑ3 + (1− r)
(6.2)
where r = 1/2(ϑ1 + ϑ2 + ϑ3). Finally there are extra scalars beyond those
described in the previous section:
State Mass2
α−ϑi(−1 + ϑ1,−1 + ϑ2,−1 + ϑ3, 0) α0(Mass)2 = ϑi + (1− r) ; i = 1, 2, 3
αϑi−1(−1 + ϑ1,−1 + ϑ2,−1 + ϑ3, 0) α0(Mass)2 = (1− ϑi) + (1− r) ; i = 1, 2, 3
(6.3)
These states are in general heavier than the scalars considered in the previous
section. If some of the angles are small, further excitations appear from acting
with twisted oscillator operators ~α−ϑi and/or ~αϑi−1 on the above states.
Notice that, unlike the case of D4-branes discussed in ref.[4], in the present case
there is a priori no reason for any of the intersection angles of the congurations
to be small and hence all the states considered in this subsection may have masses
of order the string scale.
 D6a −D6a sector: strings ending on the same set of D6-branes.
In principle the massless spectrum in this sector is just SYM N = 4 in four
dimensions. However as explained in Appendix I, quantum eects like those
shown in g.(5) will give masses to all particles in the N = 4 multiplets except
for the gauge bosons. Thus only the chiral SM fermions (and the SM gauge
bosons) will remain at the massless level.
In addition there are three types of massive particles in this sector [4]:
– For each stack of branes there will be KK excitations along the direction











where ki are integer numbers reflecting the KK mode on the ith torus and





Figure 5: One loop contribution to the masses of the N = 4 multiplet states in the bulk of
the branes
– String winding states along the transverse directions to the brane. Their











where Ai is the area of the ith two dimensional torus.
– String excitations with a mass gap of (α0)−
1
2 .
The closed string spectrum is just the Kaluza Klein reduction of the ten dimen-
sional Type IIA spectrum. None of the supersymmetries is broken in the toroidal
compactication. So we expect a N = 8 d = 4 supergravity multiplet living in the
bulk. The fact that on the D-brane network supersymmetry is broken will however
transmit supersymmetry breaking to the bulk closed string sector at some level.
7 The Higgs sector and electroweak symmetry break-
ing
Up to now we have ignored the existence or not of the Higgs system required for
the breaking of the electroweak symmetry as well as for giving masses to quarks and
leptons. Looking at the U(1) charges of quarks and leptons in Table 1, we see that
possible Higgs elds coupling to quarks come in four varieties with charges under Qb, Qc
and hypercharge given in Table 3. Now, the question is whether for some conguration
of the branes such Higgs elds appear in the light spectrum. Indeed that is the case.
The U(2) branes (b, b) are parallel to the (c, c) branes along the second torus and
hence they do not intersect. However there are open strings which stretch in between
both sets of branes and which lead to light scalars when the distance Z2 in the second
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Higgs Qb Qc Y
h1 1 -1 1/2
h2 -1 1 -1/2
H1 -1 -1 1/2
H2 1 1 -1/2
Table 3: Electroweak Higgs elds
torus is small. In particular there are the scalar states
State Mass2
(−1 + ϑ1, 0, ϑ3, 0) α0(Mass)2 = Z24pi2 + 12(ϑ3 − ϑ1)
(ϑ1, 0,−1 + ϑ3, 0) α0(Mass)2 = Z24pi2 + 12(ϑ1 − ϑ3)
(7.1)
where Z2 is the distance
2 (in α0 units) in transverse space along the second torus. ϑ1
and ϑ3 are the relative angles between the b and c (or b and c
) in the rst and third
complex planes. These four scalars have precisely the quantum numbers of the Higgs
elds Hi and hi in the table. The Hi’s come from the b−c intersections whereas the hi
come from the b− c intersections. In addition to these scalars there are two fermionic
partners at each of bc and bc intersections
State Mass2
(−1/2 + ϑ1,1/2,−1/2 + ϑ3,1/2) (Mass)2 = Z24pi2α′ (7.2)
This Higgs system may be understood as massive N = 2 Hypermultiplets containing
respectively the hi and Hi scalars along with the above fermions. The above scalar
spectrum corresponds to the following mass terms in the eective potential:
V2 = m
2
H(jH1j2 + jH2j2) + m2h(jh1j2 + jh2j2) +
+ m2BH1H2 + h.c. + m
2























Notice that each of the Higgs systems have a quadratic potential similar to that of
the MSSM. In fact one also expects the quartic potential to be identical to that of the
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MSSM. In our case the mass parameters of the potential have an interesting geometrical
interpretation in terms of the brane distances and intersection angles.
What are the sizes of the Higgs mass terms? The values of mH and mh are controlled
by the distance between the b, c, c branes in the second torus. These values are in
principle free parameters and hence one can make these parameters arbitrarily small





already mentioned that all scalar mass terms depend on only 6 angles in this class of









































































m2B = minfm2B1, m2B2g ; m2b = minfm2b1, m2b2g (7.5)
Thus if one lowers the m2B,b parameters, some other scalar partners of quarks and
leptons have also to be relatively light, and one cannot lower m2B,b below present limits
of these kind of scalars at accelerators.
Notice however that if the geometry is such that one approximately has m2H = m
2
B
(and/or m2h = m
2
b ) there appear scalar flat directions along < H1 >=< H2 >
(< h1 >=< h2 >) which may give rise to electroweak symmetry breaking at a scale
well below the string scale. Obviously this requires the string scale to be not far above
the weak scale, i.e., Ms = 1 − few TeV since otherwise substantial ne-tuning would
be needed. Let us also point out that the particular Higgs coupling to the top-quark
(either h1 or H1) will in general get an additional one-loop negative contribution to its
mass2 in the usual way [30].
Let us have a look now at the number of Higgs multiplets which may appear in
the class of toroidal models discussed in previous sections. Notice rst of all that the
number nH(nh) of Higgs sets of type Hi(hi) are given by the number of times the branes
b intersect with the branes c(c) in the rst and third tori:
nh = β
1jn1c + 3ρn1b j ; nH = β1jn1c − 3ρn1b j (7.6)
The simplest Higgs structure is obtained in the following cases:
 Higgs system of the MSSM
From eq.(7.6) one sees that the minimal set of Higgs elds is obtained when
either nH = 1, nh = 0 or nH = 0, nH = 1. For both of those cases it is easy to
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check that, after imposing the condition eq.(4.6 ), one is left with two families
of models with ρ = 1/3, β1 = 1/2 depending on a single integer n2a and on β
2.
These solutions are shown in the rst four rows of table 3. The last column in







nH = 1, nh = 0 1/3 1/2 β2 n2a -1 1
1
β2 − n2a 4β2(1− n2a)
nH = 1, nh = 0 1/3 1/2 β2 n2a 1 -1 − 1β2 − n2a 4β2(1− n2a)
nH = 0, nh = 1 1/3 1/2 β2 n2a 1 1
1
β2 − n2a 4β2(1− n2a)− 1
nH = 0, nh = 1 1/3 1/2 β2 n2a -1 -1 − 1β2 − n2a 4β2(1− n2a) + 1








nH = 1, nh = 1 1 1 β2 n2a 0 -1
1






nH = 1, nh = 1 1/3 1 β2 n2a 0 1
2
β2 − n2a β2(8− 4n2a)− 1
nH = 1, nh = 1 1/3 1 β2 n2a 0 -1 − 2β2 − n2a β2(8− 4n2a) + 1
Table 4: Families of models with the minimal Higgs content.
the table shows the number Nh of branes parallel to the orientifold plane one has
to add in order to cancel global RR tadpoles (a negative sign means antibranes).
As we will discuss in the following section, the minimal choice with nH = 1, nh = 0
is particularly interesting 15 from the point of view of Yukawa couplings since the
absence of the Higgs hi could be at the root of the smallness of neutrino masses.
The opposite situation with nH = 0 and nh = 1 is less interesting since charged
leptons would not get suciently large masses. For all the models of the rst
family with nH = 1, nh = 0 the structure of the Higgs system of the three models









j2~θ1 + ~θ3 − 1
2
j ; (7.7)
where ξb(ξc) is the distance between the orientifold plane and the b(c) branes and
~θ1, ~θ3 were dened in eq.(5.2).
 Double MSSM Higgs system
The next to minimal set is having nH = nh = 1. After imposing the condition
eq.(4.6 ) one nds four families of such models depending on the integer n2a and
15It is amusing that in this class of solutions with n2a = 1 the SM sector is already tadpole free and
one does not need to add extra non-intersecting branes, i.e., Nh = 0. Thus the SM is the only gauge
group of the whole model.
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on β2. They are shown in the last four rows of table 3. The structure of the













j~θ1 + ~θ3j ; m2b =
1
2α0
j~θ1 + ~θ3j (7.8)
Let us nally comment that having a minimal set of Higgs elds would automatically
lead to absence of flavour-changing neutral currents (FCNC) from higgs exchange. In
the case of a double Higgs system one would have to study in detail the structure of
Yukawa couplings in order to check whether FCNC are suciently suppressed.
8 The Yukawa and gauge coupling constants
As we discussed in the previous section, there are four possible varieties of Higgs elds
hi, Hi in this class of models. The Yukawa couplings among the SM elds in table 1
























iN jRh1 + h.c. (8.1)
where i = 1, 2 and j = 1, 2, 3. Which of the observed quarks (i.e. whether a given left-
handed quark is inside QL or q
i
L) t into the multiplets will depend on which are the
mass eigenstates of the quark and lepton mass matrices after diagonalization. These
matrices depend on the Yukawa couplings in the above expression.
The pattern of quark and lepton masses thus depends both on the vevs of the
Higgs elds hi, Hi and on the Yukawa coupling constants and both dependences could
be important in order to understand the observed hierarchical structure. In particular
it could be that e.g., only one subset of the Higgs elds could get vevs. So let us
consider two possibilities in turn.
 Minimal set of Higgs fields This is for example the case in the situation with
nH = 1, nh = 0 described in the previous section in which only the H1, H2 elds
appear. Looking at eq.(8.1) we see that only two U-quarks and one D quark
would get masses in this way. Thus one would identify them with the top, charm
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and b-quarks. In addition there are also masses for charged leptons. Thus, at
this level, the s, d, u-quarks would remain massless, as well as the neutrinos.
In fact this is not a bad starting point. The reason why the H1, H2 elds do
not couple to these other fermions is because such couplings would violate the
U(1)b symmetry (see the table). On the other hand strong interaction eects
will break such a symmetry and one expects that they could allow for eective






RH2 at some level. These eective
terms could generate the current u, d, s-quark masses which are all estimated to
have values of order or smaller than QCD.
Concerning neutrino masses, since Lepton number is an exact symmetry Majo-
rana masses are forbidden, there can only be Dirac neutrino masses. The origin
of neutrino (Dirac) masses could be quite interesting. One expects them to be
much more suppressed since neutrinos do not couple directly to strong interac-
tion eects (which are the source of U(1)b symmetry breaking). In particular,
there are in general dimension 6 operators of the form α0(LNR)(QLUR). These
come from the exchange of massive string states and are consistent with all gauge
symmetries. Plugging the u-quark chiral condensate, neutrino masses of order
mν / < uRuL >
M2s
(8.2)
are obtained 16 . For < uRuL >/ (200 MeV )3 and Ms / 1 − 10TeV one gets
neutrino masses of order 0.1 − 10eV ’s, consistent with oscillation experiments.
The smallness of neutrino masses would be thus related to the existence of a PQ-
like symmetry (U(1)b), which is broken by chiral symmetry breaking. Notice that
the dimension 6 operators may have dierent coecients for dierent neutrino
generations so there will be in general non-trivial generation structure.
 Double Higgs system
In the case in which both type of Higgs elds Hi and hi coexist, all quarks and
leptons have in general Yukawa couplings from the start. The observed hierarchy
of fermion masses would be a consequence of the dierent values of the Higgs
elds and hierarchical values for Yukawa couplings. In particular, if the vev of
the higgs hi turn out to be small, the fermion mass structure would be quite
analogous to the previous case. This could be the case if the Higgs parameters
are such that the hi Higgsess were very massive.
16The presence of Dirac neutrino masses of this order of magnitude from this mechanism looks like
a general property of low string scale models.
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To reproduce the observed fermion spectrum it is not enough with the dierent
mass scales given by the Higgs vevs. Thus for example, in the charged lepton sector all
masses are proportional to the vev < H2 > and the hierarchy of lepton masses has to
arise from a hierarchy of Yukawa couplings. Indeed, in models with intersecting branes
it is quite natural the appearance of hierarchical Yukawa couplings. As was explained in
[4] for the case of D4-branes, quarks, leptons and Higgs elds live in general at dierent
intersections. Yukawa couplings among the Higgs hi, Hi and two fermion states F
j
R,
F kL arise from a string world-sheet stretching among the three D6-branes which cross
at those intersections. The world-sheet has a triangular shape, with vertices on the
relevant intersections, and sides within the D6-brane world-volumes. The size of the
Yukawa couplings are of order
Yijk = exp (−Aijk) (8.3)
where Aijk is the area (in string units) of the world-sheet connecting the three ver-
tices. Since the areas involved are typically order one in string units, corrections due
to fluctuations of the world-sheet may be important, but we expect the qualitative
behaviour to be controlled by (8.3). This structure makes very natural the appearance
of hierarchies in Yukawa couplings of dierent fermions, with a pattern controlled by
the size of the triangles. The size of the triangles depends in turn on the size of the




1,2 but also on the particular shape
















1 , i = 1, 3 (8.4)
Thus the area of each triangle depends not only on the wrapping numbers (ni, mi) but
also on the ai’s. Since there are four stacks of branes (plus their mirrors), there will
be all together 8 independent ai parameters (in addition to the radii and the dierent
vevs for the Higgs elds hi, Hi) in order to reproduce the observed quark and lepton
spectrum. It would be interesting to make a systematic analysis of the patterns of
fermion masses in this class of models. We postpone this analysis to future work.
Concerning the gauge coupling constants, similarly to the D4-brane models dis-








where Ms is the string scale, λII is the Type II string coupling, and jjlijj is the length
of the cycle of the i-th set of branes
jjlijj2 = ((n1i R(1)1 )2 +(m1i R(1)2 )2)((n2i R(2)1 )2 +(m2i R(2)2 )2)((n3i R(3)1 )2 +(m3i R(3)2 )2) . (8.6)

















where lengths are measured in string units. These are the tree level values at the string
scale. In order to compare with the low-energy data one has to consider the eect of
the running of couplings in between the string scale Ms and the weak scale. Notice
that even if the string scale is not far away (e.g., if Ms / 1 − few TeV) those loop
corrections may be important if some of the massive states (gonions, windings or KK
states) have masses in between the weak scale and the string scale. Thus in order to
make a full comparison with experimental data one has to compute the spectra of those
massive states (which depend on radii and intersection angles as well as the wrapping
numbers of the model considered). As in the case of Yukawa couplings, a detailed
analysis of each model is required in order to see if one can reproduce the experimental
values. It seems however that there is sucient freedom to accommodate the observed
results for some classes of models.
9 Final comments and outlook
In this article we have presented the rst string constructions having just three standard
quark/lepton generations and a gauge group SU(3)  SU(2)  U(1)Y from the start.
We have identied a number of remarkable properties which seem more general than
the specic D6-brane toroidal examples that we have explicitly built. In particular:
1) The number of quark-lepton generations is related to the number of colours ; 2)
Baryon and Lepton numbers are exact (gauged) symmetries in perturbation theory 17;
3) There are three generations of right-handed neutrinos but no Majorana neutrino
masses are allowed. 4) There is a gauged (generation dependent) Peccei-Quinn-like
17Notice this implies that cosmological baryogenesis can only happen at the non-perturbative level,
as in weak-scale baryogenesis scenarios.
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symmetry. All these properties depend only on the general structure of U(1) anomaly
cancellation in a theory of branes with intersection numbers given by eq.(2.3), yielding
just the SM spectrum. This structure of gauged U(1) symmetries could be relevant
independently of what the value of the string scale is assumed to be 18.
All these properties are quite interesting. The rst oers us a simple answer to
the famous question "who ordered the muon". Anomaly (RR-tadpole) cancellations
require more than one generation, a single standard quark/lepton generation would
necessarily have anomalies in the present context. The second property explains an-
other remarkable property of the SM, proton stability. With the fermion elds of the
SM one can form dim=6 operators giving rise to proton decay. The usual explanation
for why those operators are so much suppressed is to postpone the scale of fundamental
(baryon number violating) physics beyond a scale of order 1016 GeV. In the present
context there is no need to postpone the scale of fundamental physics to such high
values, the proton would be stable anyhow. This is particularly important in schemes
in which the scale of string theory is assumed to be low (1-few TeV) in which up to now
there was no convincing explanation for the absence of fast proton decay. The exact
conservation of lepton number also gives us important information. There cannot exist
Majorana neutrino masses and hence, processes like ν-less double beta-decay should
be absent. Neutrino masses, whose existence is supported by solar and atmospheric
neutrino experiments, should be of Dirac type. Their smallness should not come from
a traditional see-saw mechanism, given the absence of Majorana masses. In the specic
toroidal models discussed in the text we give a possible explanation for their smallness.
Due to the presence of the PQ symmetry in this class of models (which is broken by the
QCD chiral condensates), a natural scale of order mν / (QCD)3/M2s appears, which is
of the correct order of magnitude to be consistent with the atmospheric neutrino data
if the string scale is of order 1-few TeV.
The specic examples of SM brane congurations that we construct consist on
D6-branes wrapping on a 6-torus. We have classied all such models yielding the SM
spectrum. The analysis of U(1) anomaly cancellation is crucial in order to really obtain
the SM structure in the massless spectrum. We have also shown that the congurations
have no tachyons for wide ranges of the geometric moduli and hence are stable at this
level.
For certain values of the geometric moduli one can have extra light elds with
18In particular, it is conceivable the existence e.g. of N=1 supersymmetric models with a string
scale of order of the grand unication mass and with the Baryon, Lepton and PQ symmetries gauged
in this manner.
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the quantum numbers of standard Weinberg-Salam doublets which can give rise to
electroweak symmetry breaking. This implies that the string scale in this toroidal
models should not be far away from the electroweak scale, since the models are non-
supersymmetric and the choice of geometric moduli yielding light Higgs elds would
become a ne-tuning. As noted in ref.[2] , the usual procedure for lowering the string
scale down to 1-10 TeV while maintaining the four-dimensional Plank mass at its
experimental value cannot be applied directly to these D6-brane toroidal models. This
is because if some of the compact radii Ri1,2, i = 1, 2, 3 are made large some charged
KK modes living on the branes would become very light. The point is that there are
not torus directions simultaneously transverse to all D6-branes. In ref.[3, 31] it was
proposed a way in which one can have a low string scale compatible with the four-
dimensional large Planck mass. The idea is that the 6-torus could be small while being
connected to some very large volume manifold. For example, one can consider a region
of the 6-torus away from the D6-branes, cut a ball and gluing a throat connecting it
to a large volume manifold. In this way one would obtain a low string scale model
without aecting directly the brane structure discussed in the previous sections. In
the intersecting D5 and D4 brane models discussed in refs.[3] the standard approach
for lowering the string scale with large transverse dimensions can be on the other
hand implemented. It would be interesting to search for SM congurations in these
other classes of models. Alternatively it could be that the apparent large value of the
four dimensional Planck mass could be associated to the localization of gravity on the
branes, along the lines of [32]. This localization could take place at brane intersections
[33].
The D6-brane congurations which we have described are free of tachyons and RR
tadpoles. However the constructions are non-supersymmetric and there will be in gen-
eral NS tadpoles. Thus the full stability of the congurations is an open question. We
believe however that most of our conclusions in the present work are a consequence of
the chirality of the models and RR-tadpole cancellations and a nal stable conguration
should maintain the general structure of the models.
The D6-brane toroidal models have also a number of additional properties of phe-
nomenological interest. The light Higgs multiplets are analogous to those appearing
in the MSSM and their number is controlled by the integer parameters of the models.
We nd families of solutions leading to the minimal set of Higgs elds or to a double
set of Higgs elds, which would be required if we want all quarks and leptons to have
Yukawa couplings from the start. The structure of the mass terms in the Higgs scalar
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potential is quite analogous also to that of the MSSM, although now the mass parame-
ters have an attractive geometrical interpretation in terms of the compactication radii
and intersection angles of the models. Quark and lepton masses depend both on the
vevs of the dierent Higgs elds and on the properties of the Yukawa couplings. We
showed how the latter can have a hierarchical structure in a natural way, due to their
exponential dependence on the area of the world-sheet stretching among the Higgs
elds and the given fermions. Finally, the gauge couplings are not unied at the string
scale in the present scheme. The size of the couplings are rather inversely proportional
to the volume each of the branes are wrapping. It would be interesting to see whether
one can nd an specic D6-brane model in which we can simultaneously describe all
the observed data on gauge coupling constants and fermion masses, while obeying ex-
perimental limits on extra heavy particles. In particular the D6-brane toroidal models
have extra massive elds on the intersections (some of them looking like squarks and
sleptons) as well as KK and winding excitations. Some of these elds may be in the
range in between the weak and the string scale, depending on the compact radii and
intersection angles. A phenomenological study of these extra elds would be of interest.
In summary, we have obtained the rst string constructions giving rise just to three
quark/lepton generations of the SU(3)SU(2)U(1)Y group. Beyond the particular
(quite appealing) features of the constructed models, we believe the symmetries of
the construction shed light on relevant features of the standard model like generation
replication, proton stability, lepton number conservation and other general properties.
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As we mentioned in section 6, allN = 4 massless elds (with the exception of the gauge
group) in the world-volume of D6-branes become massive in loops. In this appendix
we show what kind of quantum corrections give masses to these states from the point
of view of the eective Lagrangian. It is clear that in order for these states to become
massive the loop diagrams have to involve elds living at the intersecting branes, in
which supersymmetry is explicitly broken. As an example, let us consider the loop
corrections giving masses to the gauginos. Consider the gauginos in a brane a which
intersect other branes labelled by b. The eective Lagrangian diagram contributing to
the a-branes gaugino masses is shown in g.(6).
In order to break chirality only massive fermions at the intersections contribute in
the loop. Such massive fermions exist as we discussed in section 6. We will work out
for simplicity the case in which we are close to one of the N = 1 walls in g.(2) where
one has an approximate N = 1 supersymmetry unbroken at that intersection. For
example, consider we were in the vicinity of r = 1/2(ϑ1 + ϑ2 + ϑ3) = 1 Then there is a
scalar with mass (1−r) which is almost massless, a N = 1 partner of the chiral fermion
at the intersection. In addition there are three Dirac fermions ( two Weyl spinors of
opposite charges Ψ+, Ψ−) with mass2 given by (1− ϑi), three complex scalars Ti with
masses (1−ϑi)−(1−r) and other three T 0i with masses (1−ϑi)+(1−r). This spectrum
corresponds to two N = 1 chiral supermultiplets +i = (φ
+
i , Ψ




with φ+i = 1/2(Ti + T
0
i ) and φ
−
i = 1/2(Ti − T 0i ). The masses of this system in the













where m2i = (1− ϑi) and η = θ2(1− r) acts as a N = 1 SUSY-breaking spurion. It is
clear from this structure that gaugino masses appearing at one loop will be proportional
to the SUSY-breaking parameter (1 − r). Indeed, the graph in g.(6) contributes to







Notice that this would be just the contribution of one of the intersections. To get the
total contribution one would have to sum over all intersections. In addition, this is
just the contribution of the lightest set of fermionic and bosonic "gonions". In general








Figure 6: One loop contribution to gaugino masses.
into account this, the typical size of these gaugino masses will be of order the string
scale. Similar loop contributions exist for the other three adjoint fermions of the initial
massless N = 4 multiplet as well as for the adjoint scalars. Notice that although, in
order to illustrate the loop corrections we have worked close to a N = 1 wall in g.(2),
the general argument remains true even if we work in a more generic point.
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11 Appendix II
In this appendix we show the general conditions which have to be satised in order to
get a SM conguration without tachyonic scalars. As already stated in section 5, these
conditions can be expressed in terms of the six angles dened in (5.2). If performed a
general analysis, one nds the following 14 conditions:
−θ1 + θ2 + ~θ3 − θ3  0
θ1 − θ2 + ~θ3 − θ3  0
~θ1 − ~θ2 + 1
2
− ~θ3  0
~θ1 + ~θ2 − 1
2
− ~θ3  0
3
2
− ~θ1 − ~θ2 − ~θ3  0
θ1 + ~θ2 − 2 ~θ3  0 (if jn1c j < 3ρn1b)
2 − θ1 − ~θ2 − 2 ~θ3  0 (if jn1c j > 3ρn1b)
θ1 − ~θ2 + 2 ~θ3  0
~θ1 + θ2 − 12 − θ3  0

 (if n2a < ρn2d)
−θ1 + ~θ2 + 2 ~θ3  0
3
2
− ~θ1 − θ2 − θ3  0

 (if n2a > ρn2d)
θ1 + θ2 − ~θ3 − θ3  0 (if jn1c j < 3ρn1b and n2a < ρn2d)
~θ1 − θ2 + 12 − θ3  0
2 − θ1 − θ2 − ~θ3 − θ3  0

 (if jn1c j > 3ρn1b and n2a > ρn2d) (11.1)
where, if the conditions indicated in brackets are not veried, the corresponding con-
straint is absent. Since some of these conditions are incompatible, we see that we can
have at most ten of them. However, in most cases many of the conditions become




d, then we have that
θi, ~θi  1/2 and t4 scalars are trivially massive. In this case our conditions become:
−θ1 + θ2 + ~θ3 − θ3  0
θ1 − θ2 + ~θ3 − θ3  0
~θ1 + ~θ2 − 1
2
− ~θ3  0
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θ1 + ~θ2 − 2 ~θ3  0 (if jn1c j < 3ρn1b)
θ1 − ~θ2 + 2 ~θ3  0
~θ1 + θ2 − 12 − θ3  0

 (if n2a < ρn2d)
−θ1 + ~θ2 + 2 ~θ3  0 (if n2a > ρn2d)
θ1 + θ2 − ~θ3 − θ3  0 (if jn1c j < 3ρn1b and n2a < ρn2d) (11.2)
where again bracketed conditions imply the existence or not of the constraint. Notice
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